Wastewater disinfection by ozone was investigated at pilot and full scale on different wastewater effluents and two types of ozone reactors. It was demonstrated that water quality and, in particular, suspended solids and organic content strongly influence the required ozone dose for a given level of disinfection. The increase in contact time and residual ozone concentration did not improve the log removal of viruses and bacteria. However, the 'Ct' approach, commonly applied in drinking water treatment can be used for wastewater ozonation, if a sufficient ozone dose can be transferred to the effluent resulting in an ozone residual which can be measured. These considerations should be taken into account for the improved design of ozonation facilities. It should be underlined that short contact times are only possible if fast balanced distribution of the ozone dose is achieved as rapidly as possible, in order to satisfy fast chemical reactions (colloidal matter destabilisation, zeta potential, etc.) and enable a uniform distributed ozone residual for the slower reactions (disinfection, oxidation of micropollutants, etc.).
INTRODUCTION
Ozone has been proved to be one of the most effective disinfectants and is widely used to inactivate pathogens in drinking water, especially in Europe, the USA and Canada (Xu et al. ) . In the field of wastewater treatment, ozonation is widely used for colour removal and oxidation of refractory organics (chemical oxygen demand (COD) reduction) in industrial wastewater treatment, as well as for final disinfection of municipal effluents (Paraskeva & Graham ) .
Wastewater treatment by ozone is implemented in Canada, France, Germany, Japan, Korea, the UK and the USA.
Ozone is a strong oxidising agent, effective in destroying bacteria, viruses, but also cyst-forming protozoan parasites like Giardia and Cryptosporidium, which are particularly resistant to most other disinfectants (WEF ). The germicidal effect of ozone consists of totally or partially destroying the cell wall, resulting in microorganism lysis. In addition, ozone breaks chromosomes, nitrogen-carbon bonds between sugar and bases, DNA hydrogen bonds, as well as phosphate sugar bonds leading to depolymerisation and leakage of cellular constituents and irreversible enzyme inhibition. Two mechanisms for ozone disinfection occur: a direct oxidation of compounds by the ozone molecule and a reaction involving the radical products of ozone decomposition, principally believed to be the hydroxyl radical. This radical is highly reactive and has a life span of only a few microseconds in water. The predominant reaction will depend on the wastewater characteristics.
However, it is now known that organic matter partially transforms ozone into hydroxyl radicals (Buffle ) . It is therefore possible to assume that wastewater ozonation is, in fact, per se, an advanced oxidation process (AOP).
Many researchers initially sought to achieve a measurable level of dissolved ozone residual in treated wastewater, In this context, the present study investigates the main factors related to ozone disinfection performance, for the purpose of facilitating its design and application to wastewater disinfection.
MATERIALS AND METHODS
Experiments were performed in continuous-flow pilot plants with different types of effluents to evaluate ozone disinfection performance on different target microorganisms and other effects on the quality of wastewater (Table 1) . To investigate the influence of wastewater quality on disinfection performances, additional tests have been performed in fullscale wastewater treatment plants in France, Switzerland and elsewhere. Also, pilot tests with two different types of ozone reactors, one with a very short residence time and as reference, a classical bubble column with porous diffusers, were conducted simultaneously with the same wastewater in order to evaluate the influence of the residence time on disinfection efficiency.
The transferred ozone dose (TOD) was used as a descriptive parameter throughout the study. Due to non-negligible solubilisation of the ozone (inert) carrier gas, it is defined on an in/out gas mass-flow basis as follows:
where Q gas and Q liq are gas and water flow rates, respectively, [O 3 ]g in is the ozone concentration in the feed gas to the column, [O 3 ]g out is the ozone concentration in the off-gas leaving the column.
Ozone demand of the investigated effluents was determined with two parameters: X, the immediate ozone demand; and k, the decay kinetic constant, due to overall ozone consumption by moderate or slow reactions. Both values have been calculated from the plot of the residual ozone versus TOD. When the TOD exceeds X, residual ozone appears in the effluent and its concentration increases with increasing TOD. The slope of the plot (Kd) is the function of the hydraulic residence time in the reactor, its hydraulic characteristics and k. Kd can be determined according to the following equation:
where Kd is the first order decay constant, in min À1 , T is the mean hydraulic retention time (HRT) in the column (min), The immunotoxicological effects of wastewater ozonation on freshwater mussels were investigated in primary 
RESULTS AND DISCUSSION
Influence of wastewater quality on disinfection efficiency
The experimental results obtained at pilot scale on different wastewater effluents confirm the efficiency of ozone for wastewater disinfection (Figure 1 ). Depending on the quality of the effluent, a TOD of between 2 and 15 mg/L was The influence of water quality on the log-inactivation of faecal coliforms is also observed for secondary effluents with different quality (Figure 3 ). For a 2-log reduction of faecal coliforms, TOD increased from 6 mg/L in effluents after extended aeration to 10 mg/L for poor quality secondary effluents. To obtain a 3-log reduction, the increase of TOD was from 11 to 17 mg/L.
After 4 min retention in the ozonation column and with TODs higher than 8 mg/L, almost total coliform removal was achieved resulting in less than 20 FC/100 mL for highquality secondary effluents. To achieve total coliform removal in secondary effluents with poor quality (Table 1, 
Influence of operating parameters and indicator microorganism on disinfection efficiency
It is important to stress that within the ozone dose necessary for the inactivation of indicator bacteria as shown previously, a total elimination of enteroviruses was achieved even in the worst quality secondary effluent. The high efficiency of ozone on virus inactivation can be a major advantage of ozone for regulations that include virus removal. In agreement with previous data, bacteriophages were found to be very sensitive to ozone, placing doubt about the pertinence of such microorganisms as indicators for ozone treatment.
By contrast, the higher resistance of Clostridium confirms that they are good candidates for a resistant microorganism indicator. Figure 6 illustrates the log inactivation of Clostridium in poor quality secondary effluents (pilot 3) for HRT of 2 and 9.6 min. A maximum inactivation of 2.5-log of Clostridium was reached for the highest HRT of 9.6 min with a high TOD of 36 mg/L. When bacterial spores and cysts are of concern, hydraulic retention time has a more important impact on ozone disinfection. The essential requirement is, in this case, the establishment of the required 'Ct', which is larger than for the FCs. In bubble columns with laminar hydrodynamic conditions (K O3 ≈ D O3 ≈ 2 × 10 À9 m 2 /s), the contrary is true.
Important side effects of ozonation are some lowering of the absorption at 254 nm (Figure 8(a) ), indicating a reduction of the size of the molecules, as well as a COD reduction (Figure 8(b) ), due mostly to the oxidation of some refractory organics. Interesting, from an ozone system design point of view, is that the specific ozone Similarly to UV absorbance, ozonation also provides a significant reduction of colour, which can be an advantage for some reuse applications. More stringent water reuse regulations like California Title 22 () or USEPA () require the implementation of an efficient tertiary filtration step.
From an operational viewpoint, transfer of ozone from the gas phase to the water was found to be the critical step for faecal coliform inactivation with ozone, because of the fast kinetics between ozone and coliform bacteria. No difference in inactivation was found between 2 and 10 min hydraulic retention time, for a given ozone dose transferred to the effluent.
As a consequence, the 'Ct' approach commonly applied in drinking water treatment should be used for the ozonation of wastewater, with consideration of certain con- imperative to take these two design parameters into consideration for the hydraulic profile of the water or wastewater plant. This high energy for mixing is required because molecular diffusion of ozone (≈2 × 10 À9 m 2 /s) is very much slower than the fast chemical reactions (k O3 ¼ / > 10 3 M À1 s À1 , according to Hoigné). The physical means to achieve this aim are available, such as the 'free jet', the 'side ejectors', the 'static mixer' and the 'bubble column with porous diffusers', the latter with the appropriate design. For applications in wastewater, as shown by Buffle (), a non-negligible amount of ozone is transformed into OH À radicals by the organic matter, which means much faster reactions kinetics, and therefore the need of even faster homogenisation. Regarding disinfection control where 'C O3 t' is essential, ozone residual 'C O3 ' must be measured in wastewater, but the question is how. Since the half-lifetime of ozone, after the fast reactions have been completed, can amount to several minutes (according to experience up to 10 min and more), an average C O3 can be measured directly with the appropriate instruments (and the necessary maintenance) or indirectly in the off-gas of the diffusion, provided that the residence time of the samples to the instrument is short. This C O3 measurement is of great interest for the operation optimisation of the ozone plants.
Influence of ozonation on chronic toxicity
The influence of ozonation on chronic toxicity was evaluated by means of LuminoTox working with PECs which, when stimulated by light emit fluorescence. As a result of the presence of toxic contamination, the fluorescence emission decreases and this decrease is indicated as per cent inhibition.
Unlike the Microtox toxicity test using luminescent bacteria in immunoassays, the LuminoTox is faster, and allows for fast immediate results, almost in real time. As shown in Figure 9 , ozonation leads to a reduction of the chronic toxicity. 
CONCLUSIONS
Ozone disinfection appears to be a very efficient process for wastewater disinfection, in particular for water reuse purposes where bacteria and viruses are the target microorganisms. To consistently achieve very stringent standards for unrestricted irrigation, urban uses or indirect potable reuse, preliminary removal of suspended solids by filtration is necessary and highly recommended.
The new approach in the design of ozone contactors for wastewater treatment should be based on short contact times and enhanced mass transfer. Economic considerations also support this approach. Short contact times are only possible if fast balanced distribution of the ozone dose introduced into the water is achieved as rapidly as possible with high energy for mixing with either fast full mix or plug-flow coor counter-current bubble columns. A non-negligible amount of ozone is transformed into OH À radicals by the organic matter, which means much faster reactions kinetics, and therefore the need of even faster homogenisation. To ensure good reaction, a good plug-flow is also necessary Any ozonation reactor can be designed with the appropriate hydraulic and hydrodynamic patterns. Basically, it is necessary to have the correct qualitative and quantitative information about the chemical reactions which must be satisfied before an ozone residual starts to build. The 'C O3 t' of most target microorganisms are known.
Another very important property of ozonation is that when a good disinfection is achieved, defined as 100 to 1000 CFU/ 100 mL, all experimental results available so far confirm that inactivation of viruses and micropollutants is also achieved, based either on direct chemical analysis or with the Lumino-Tox signal response, supported by the Microtox procedure.
